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1 3.  ABSTRACT  (Maximum  200  words) 

Gap  junctional  intercellular  communication  (GJIC),  desmosomes,  and  cell  movement  were  evaluated  in  a  rat  ovarian 
epithelial  cell  model  system  which  consisted  of  em  immortalized  clonal  cell  line  (SIGC),  a  pSV3neotransfected  clonal  derivative 
(SV-SIGC),  and  a  nude  mouse  SV-SIGC-tumor-derived  cell  line  (T-SV-SIGC).  Complementary  ultrastructural,  indirect 
immunofluorescence,  and  Western  blot  data  identified  a  relatively  small  loss  of  desmosomes  and  associated  (^okeratins  in 
SV-SI(jrC  compared  to  SIGC  but  a  near  total  loss  in  T-SV-SIGC.  SIGC  and  SV-SKSC  migrated  outward  from  monolayer-coated 
microcarrier  beads  as  epithelial  sheets,  whereeis  in  T-SV-SIGC  there  was  dissociation  and  migration  of  individual  fibroblastoid 
cells.  GJIC  was  assessed  by  fluorescence  recovery  after  photobleaching  (gap  FRAP)  and  equations  based  on  Pick’s  first  law  of 
diffusion  were  derived  to  quantitatively  compeu'e  GJIC  of  systems  with  different  recovery  equilibria  after  photobleaching.  Taken 
together  the  data  suggested  that  GJIC  in  SIGC  was  quantitatively  reduced  to  similar  levels  by  various  conditions  associated 
with  reduced  cell-cell  adhesiveness  including  transformation  to  T-SV-SIGC,  mitosis,  and  culture  in  low  calcium  medium.  These 
results  supported  linkage  between  changes  in  desmosomal  adhesiveness,  cell  movement,  and  GJIC, 
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Concomitant  Alterations  of  Desmosomes,  Adhesiveness, 
and  Diffusion  through  Gap  Junction  Channels  in  a  Rat  Ovarian 
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Gap  junctional  intercellular  communication  (GJIC), 
desmosomes,  and  cell  movement  were  evaluated  in  a  rat 
ovarian  epithelial  cell  model  system  which  consisted  of 
an  immortalized  clonal  cell  line  (SIGC),  a  pSVSneo- 
transfected  clonal  derivative  (SV-SIGC),  and  a  nude 
mouse  SV-SIGC-tumor-derived  cell  line  (T-SV-SIGC). 
Complementary  ultrastructural,  indirect  immunofluo¬ 
rescence,  and  Western  blot  data  identified  a  relatively 
small  loss  of  desmosomes  and  associated  cytokeratins 
in  SV-SIGC  compared  to  SIGC  but  a  near  total  loss  in 
T-SV-SIGC.  SIGC  and  SV-SIGC  migrated  outward 
from  monolayer-coated  microcarrier  beads  as  epithe¬ 
lial  sheets,  whereas  in  T-SV-SIGC  there  was  dissocia¬ 
tion  and  migration  of  individual  flbroblastoid  cells. 
GJIC  was  assessed  by  fluorescence  recovery  after  pho- 
tobleaching  (gap  FRAP)  and  equations  based  on  Pick’s 
first  law  of  diffusion  were  derived  to  quantitatively 
compare  GJIC  of  systems  with  different  recovery  equi¬ 
libria  after  photobleaching.  Taken  together  the  data 
suggested  that  GJIC  in  SIGC  was  quantitatively  re¬ 
duced  to  similar  levels  by  various  conditions  associated 
with  reduced  cell— cell  adhesiveness  including  transfor¬ 
mation  to  T-SV-SIGC,  mitosis,  and  culture  in  low  cal¬ 
cium  medium.  These  results  supported  linkage  between 
changes  in  desmosomal  adhesiveness,  cell  movement, 

and  GJIC.  'g)  1993  Academic  PreM,  Inc. 


INTRODUCTION 

The  acquired  ability  of  individual  transformed  cells  to 
disseminate  from  a  population  has  been  considered  to 
be  an  essential  feature  of  metastasis  (for  review  see  1). 
Decreased  intercellular  adhesiveness  is  thought  to  play 

'  This  work  was  supported  by  NIH  Grants  HD26182  (R.C.B.)  and 
DK07318  (L.S.S.)  and  a  grant  from  the  Texas  Agricultural  Experi¬ 
ment  Station  (R.C.B. ). 

^To  whom  correspondence  and  reprint  requests  should  be  ad¬ 
dressed  at  Department  of  Pediatrics.  M-609A.  University  of  Califor¬ 
nia  at  San  Diego.  9500  Gilman  Drive.  La  Jolla,  CA  92093,  Fax:  619- 
534-5497. 


a  role  in  the  detachment  and  migration  of  epithelial 
cells  away  from  an  original  site  during  the  multistep 
process  of  cellular  transformation  leading  to  metastasis 
[2}.  Although  it  is  unlikely  that  changes  in  any  one  ad¬ 
hesive  component  can  explain  the  complex  adhesive  in¬ 
teractions  that  occur  during  progression  [1],  it  has  been 
suggested  that  alterations  in  functional  adhesive  proper¬ 
ties  could  arLe  in  part  through  the  loss  of  intercellular 
junctions  [2,  3]. 

Desmosomes  are  punctate  intercellular  junctions 
which  often  occur  adjacent  to  gap  junctions  in  normal 
epithelium  [4,  5].  They  are  considered  to  play  a  key  role 
in  epithelial  cell  adhesion  by  binding  cells  together  and 
linking  their  intermediate  filament  networks.  However, 
the  relationship  between  alterations  in  cell  adhesive¬ 
ness  and  desmosomes  is  not  well  understood  [2],  and  a 
direct  correlation  between  the  status  of  the  desmosome 
and  the  transformed  epithelial  phenotype  has  not  yet 
been  established  [6].  For  example,  reduction  of  desmo¬ 
somes  has  been  described  in  some  carcinomas  [2,  5,  7] 
and  the  magnitude  of  desmosomal  reduction  [8]  or  loss 
of  desmosomal  integrity  [6]  was  correlated  to  the  degree 
of  transformation  among  cell  lines  with  varying  tumori- 
genic  potential.  Other  studies  have  failed  to  show  signifi¬ 
cant  differences  in  the  desmosomes  of  normal  tissue, 
their  tumors,  and  metastases  [3,  9,  10].  Additionally, 
although  cells  contact  and  adhere  prior  to  gap  junction 
formation  (11)  few  studies  have  focused  on  potential 
relationships  between  gap  junctions  (membrane  chan¬ 
nels  which  provide  a  direct  pathway  for  the  diffu.‘'lon  of 
small  molecules  (M,  <  1000  Da)  between  adjacent  cells 
[12]),  and  desmosome  junctions. 

In  this  study,  relationships  between  the  degree  of 
transformation,  desmosome-mediated  adhesiveness, 
and  diffusion  through  gap  junctions  (one  measure  of 
gap  junctional  intercellular  communication  (GJIC)), 
were  evaluated  for  a  previously  developed  in  vitro  rat 
ovarian  cell  transformation  sequence  [13],  A  computa¬ 
tional  method  was  developed  (see  Appendix)  for  quanti¬ 
tative  comparisons  of  GJIC  using  fluorescence  recovery 
after  photobleaching  (gap  FRAP)  data.  This  method  al- 
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lows  for  a  comparison  of  systems  with  different  recov¬ 
ery  equilibria  after  photobleaching  and  its  relationship 
to  other  methods  of  analyzing  gap  FRAP  and  FRAP 
data  are  discussed.  Collectively  the  results  identified  a 
correlation  between  desmosomal  losses  and  progression 
towards  a  metastatic  phenotype.  They  suggested  that 
quantitatively  similar  reduced  levels  of  GJIC  accompa¬ 
nied  various  conditions  associated  with  reduced  inter¬ 
cellular  adhesiveness  in  the  transformation  sequence. 

MATERIALS  AND  METHODS 

Materials  Culture  media,  serum,  and  all  general  chemical  re¬ 
agents  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 
Tissue  culture  flasks  and  dishes  were  obtained  from  Corning  Inc. 
(Oneonta,  NY).  Lab  Tek  slides  and  LUX  permanox  dishes  were  ob¬ 
tained  from  Nunc  (Naperville,  IL).  Bacto-agar  was  purchased  from 
Lakewood  Biucheinicals  (Irving,  TX).  Cytodex  microtarrier  beads 
were  purchased  from  Pharmacia  (Piscataway,  NJ).  5-Carboxyfluore- 
scein  diacetate  (Af,  460)  was  purchased  from  Molecular  Probes,  Inc. 
(Eugene,  OR).  Gel  electrophoresis  and  Western  blot  reagents  includ¬ 
ing  a  goat  anti-mouse  gold  conjugate  were  obtained  from  Bio-Rad 
Laboratories  (Richmond,  CA).  A  broad-spectrum  cytokeratin  mono¬ 
clonal  antibody  (8.13)  and  a  desmosomal-associated  cytokeratin  anti¬ 
body  (DK80)  which  reacts  specifically  with  cytokeratin  8  were  both 
obtained  from  Sigma.  Monoclonal  antibody  to  desmoplakin  I  and  If 
was  purchased  from  Biodesign  International  (Kennebunkport,  ME) 
and  rnonoclonal  antibodies  to  desmoglein  and  tubulin  were  purchased 
from  Oncogene  Science  (Uniondale,  NY).  A  secondary  biotinylated 
anti-mouse  antibody  and  Texas  red  strepavidin  were  obtained  from 
Amersham  (Arlington  Heights,  IL). 

Cell  culture.  The  sequentially  derived  rat  ovarian  cell  lines  (SIGC, 
SV-SIGC,  and  T-SV-SIGC)  (13j  were  maintained  in  DME  supple¬ 
mented  with  5%  fetal  calf  serum  and  corresponding  passages  were 
analyzed  in  parallel.  Population  doubling  times  were  measured  for 
each  cell  line  from  triplicate  cultures  plated  at  low  density  (100,000 
cells  in  25-cm*  flasks)  according  to  standard  methods.  The  clonogenic 
potential  of  cell  lines  was  compared  in  soft  agar  by  counting  colonies 
(greater  than  40  cells)  14  days  after  seeding. 

Calcium-switch  studies  (14]  were  conducted  by  washing  subcon¬ 
fluent  monolayers  growing  in  standard  media  (SM)  (calcium  concen¬ 
tration  =  1.2  mM)  several  times  with  calcium-magnesium-free  PBS 
and  replacing  SM  with  low  calcium  media  (LCM)  (calcium  concen¬ 
tration  =  0.02  mM)-,  the  reversibility  of  the  LCM  effects  was  verified 
by  subjecting  cultures  to  the  following  sequence,  SM-»-LCM-*SM, 

Indirect  immunofluorescence  and  ultrastructural  analysis.  Subcon¬ 
fluent  monolayers  growing  on  Lab-Tek  chamber  slides  were  rinsed  in 
20  mM  PBS,  pH  7.2,  fixed  with  100%  methanol  at  20°C  for  3  min,  and 
rinsed  quickly  three  times  in  acetone  at  -20°C.  Slides  were  air  dried 
and  processed  as  described  previously  (13).  For  ultrastructural  analy¬ 
sis,  subconfluent  monolayers  growing  on  Lux  permanox  dishes  and 
tumor  tissue  were  fixed  in  3%  glutaraldehyde,  2%  paraformaldehyde 
in  0.067  M  Sorenson’s  buffer  at  pH  7.3  for  2  and  12  h,  respectively, 
and  processed  as  described  113).  Two  separate  blocks  from  each  cell 
line  and  from  each  of  six  SV-SIGC  nude  mouse  tumors  (three  male, 
three  female)  were  used  for  morphometric  analysis.  A  minimum  of  six 
sections  from  each  block  were  photographed  at  a  magnification  of 
x3500.  Desmosomes  were  counted  on  each  photomicrograph  and 
quantities  expressed  per  1000  ato  of  closely  apposed  membrane 
(within  ,50  am). 

In  uitro  migration  assays.  For  the  microcarrier  bead  assay,  a  stock 
bead  suspension  (25  mg  bead/ml  in  serum-free  DME)  of  Cytodex  3 
beads  was  added  to  cell  cultures  which  had  been  plated  24  h  earlier 
and  contained  small  colonies  [15].  Bead  cultures  were  incubated  for 


1  3  davs  ailiivving  lells  lo  altacb  to  l)ead.s  and  undergo  one  lo  three 
dtiubli'igs  .\lonola>er-et»vered  beads  were  subsequentK'  collected 
alter  tapptng  t  be  sides  of  t  he  flasks  to  free  beads  from  the  underlying 
monolayer  The  beads  were  then  washed  three  times  and  allowed  to 
sedintent  at  unit  grax  ity,  and  the  supernatant  was  remtived  to  elimi¬ 
nate  any  suspended  cells.  The  beads  were  resuspended  in  culture  me¬ 
dia,  and  added  to  fresh  35  r.im  culture  dishes  at  a  low  density  (approxi 
mately  100  beads  per  culture  dish).  For  the  wounding  assay,  .subcon 
fluent  monolayers  were  obtained  after  48  h  of  culture  in  .35  mm 
culture  dishes  and  media  was  replaced  with  either  fresh  SM  or  LCM. 
L'niform  cell-free  linear  areas  of  substratum  (“wounds  ')  (16)  were 
produced  by  scraping  monolayers  with  a  I  -  to  100  gl  Eppendorf  pipet 
tip  while  using  a  sterile  glass  slide,  held  parallel  to  the  monolayer,  as  a 
straight  edge.  Cultures  were  photographed  using  phase  microscopy  as 
cells  migrated  off  the  beads  onto  the  surfaces  of  the  culture  dishes  or 
into  the  wounds. 

Western  blot  analysis  For  extraction  of  total  cellular  proteins, 
lysis  buffer,  consisting  of  0.1‘25  M  Tris-Cl  (pH  6.8),  4%  SDS,  '20% 
glycerol.  10%  2-mercaptoethanol,  and  0.2  mM  PMSF,  was  added  di¬ 
rectly  to  .subconfliient  monolayers  (v.hich  had  been  rmsed  unec  tunes 
with  PBS)  and  lysed  cells  were  scraped  with  a  rubber  policeman.  Cyto- 
skeletal  extracts  were  prepared  by  adding  lysis  buffer  consisting  of 
PBS  with  0.6  M  KCl,  1.0%  Triton  X-100,  10  mM  MgClj,  1.0  mM 
p-tosyl-L-arginine,  and  1.0  mM  PMSF  (14)  directly  to  culture  dishes 
as  above.  After  scraping,  lysed  cells  were  aspirated  several  times 
through  a  narrow  pipet  to  enhance  degradation.  DNase  I  was  added  to 
a  final  concentration  of  0.5  mg/ml  and  the  mixture  incubated  for  5 
min  at  4'’C.  Proteins  were  separated  by  10%  SDS-PAGE,  transferred 
to  0.20-Mm  nitrocellulose  filters,  probed  with  antibodies,  and  vi.sual- 
ized  with  a  goat  anti-mouse  gold  conjugate  followed  by  silver  enhance¬ 
ment.  Resulting  bands  were  quantified  by  reflective  scanning  densi¬ 
tometry. 

Assay  of  functional  GJIC.  GJIC  was  monitored  by  dye  coupling 
with  a  Meridian  ACAS  570  workstation  (Meridian  Instruments.  Oke- 
mos.  Ml)  using  a  fluorescence  recovery  after  photobleaching  (gap 
FRAP)  technique  [17].  Cells  were  plated  in  35-mm  culture  dishes 
36-48  h  prior  to  analysis,  stained  with  10  pg/ml  5-carboxyfluorescein 
diacetate,  and  scanned  as  described  [13,  18].  Briefly,  a  microscopic 
field  containing  abutting  cells  was  selected  for  analysis  and  the  in¬ 
verted  epifluorescence  microscope  objective  focused  an  argon  laser 
beam  (488  nm)  to  a  l-(im-diameter  spot.  A  series  of  point  bleaches 
reduced  dye  photochemically  in  selected  cells  to  a  level  sufficient  for 
observation  of  fluorescence  recovery  without  causing  visible  cell  dam¬ 
age  at  the  light  microscopic  level.  Single  cells  without  contacting 
partners  did  not  recover  fluorescence  when  photobleached  (negative 
controls).  Likewise,  cells  which  were  not  point  bleached  did  not  lose 
significant  amounts  of  fluorescence  over  short  scanning  periods  (posi¬ 
tive  controls).  After  bleaching,  redistribution  of  fluorescence  in  abut 
ting  cells  was  measured  from  sequential  scans,  beginning  immedi¬ 
ately  postbleach  and  then  at  timed  intervals. 

The  ACAS  workstation  software  provided  PR(f),  the  percent  recov¬ 
ery  at  time  t:  PR(£)  =  i|/(t)  -  /(0)j//(-)]  X  100,  where  /(-),  1(0),  lit) 
were  the  measured  fluorescence  intensities  of  the  cell  before  (preb¬ 
leach),  at  the  first  (immediate)  postbleach  scan,  and  at  time  t  follow¬ 
ing  the  first  scan,  respectively.  Programs  were  written  in  Matlab 
(Mathworks  Inc.,  South  Natick,  MA)  for  data  analysis.  The  fluores¬ 
cence  recovery  data  were  expressed  as  the  average  ±  SEM  of  the 
percentage  of  the  prebleach  value  [  19).  The  mean  fluorescence  inten¬ 
sity  level  at  the  time  of  the  first  postbleach  scan,  1(0),  was  28.7  ±  4% 
of  the  prebleach  level,  /(-).  This  level  was  obtained  by  averaging  the 
levels  of  all  cells  used  in  this  study.  The  PR(t)  curve  was  fit  to  a 
two-parameter  equation  to  model  the  fluorescence  recovery,  PR(f)  = 
a(l  -  P'*').  where  the  limiting  value  of  the  PR(()  curve  is  a  =  100  X  |  IE 
-  /(0))//(-)  with  IE  defined  as  the  equilibrium  intensity  (Eq.  (A.3)  in 
the  Appendix  and  (18)).  The  equilibrium  term,  a,  and  the  rate  con 
stant,  k,  were  estimated  using  a  least  squares  fit  of  the  data  to  this 
diffusion  model,  the  covariance  matrix  of  a  and  k  was  calculated,  and 
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a  goodness  <)t- tit  lest  ot  the  data  to  the  model  was  perlormed.  (tJK'  in 
the  various  cell  systems  was  distinguished  by  their  instantaneous 
rates  of  recovery.  /’(())//(()).  at  the  time  of  the  first  postbleach  scans 
(see  Appendix  for  justification  of  this  quantity  as  a  measure  of  GJIC 
from  fejp  FRAP  data).  These  quantities  were  estimated  by  first  esti¬ 
mating  a  and  k  as  above,  and  then  applying  Eq.  (A  10)  which  expresses 
r{0)/I{0)  in  terms  of  a.  k,  and  the  fraction  of  laser  bleaching  at  the 
time  of  the  first  postbleach  scan  (expressed  as  a  percentage  of  the 
prebleach  fluorescence  intensity). 

RESULTS 

Progression  toward  in  Vitro  Metastasis  Was  Associated 

with  a  Stepwise  Loss  of  Desmosomes  and  Cytokeratin 

Tumor  progression  in  the  cell  lineage  was  assessed  by 
a  cell  scattering  migration  assay,  which  draws  an  anal¬ 
ogy  between  tumor  foci  in  vivo  and  monolayer-covered 
microcarrier  beads  in  culture  [15].  Since  metastasis  is  a 
process  whereby  tumor  cells  leave  their  original  location 
[1],  an  acquired  ability  of  cells  to  detach  from  a  mono- 
layer  in  cell  scattering  assays  is  considered  to  be  a  step 
toward  in  vitro  metastasis  and  thus  assumed  to  repre¬ 
sent  reduced  strength  of  adhesion  between  cells  [20],  In 
SIGC  (a  spontaneously  immortalized  but  not  tumori- 
genic  rat  ovarian  cell  line)  and  SV-SIGC  (a  pSV3-neo 
clonal  derivative),  cells  remained  linked  together  and 
moved  off  of  the  beads  as  epithelial  sheets  onto  the  sur¬ 
faces  of  the  culture  dishes  (Figs,  la  and  lb).  In  contrast, 
T-SV-SIGC  (a  nude  mouse  SV-SIGC-tumor  derivative) 
migrated  away  from  the  beads  as  individual  fibroblast- 
oid  cells  (Fig.  Ic).  This  cell  scattering  assay  was  adapted 
from  a  wounding  assay  and  parallel  experiments  veri¬ 
fied  that  after  wounding  subconfluent  monolayers,  each 
cell  type  migrated  into  cell-free  areas  (wounds)  with  a 
pattern  identical  to  that  seen  in  corresponding  bead  ex¬ 
periments  (data  shown  for  SIGC,  see  results  of  calcium- 
switch  experiments  in  the  next  section). 

Other  features  consistent  with  tumor  progression  in¬ 
cluded  a  reduction  of  the  population  doubling  time, 
from  24  h  in  SIGC  to  18  h  in  both  SV-SIGC  and  T-SV- 
SIGC,  and  an  increase  in  soft  agar  cloning  efficiency, 
from  0%  in  SIGC  to  1%  in  SV-SIGC  and  to  greater  than 
80%  in  T-SV-SIGC.  In  the  soft  agar  assays  there  were 
sparsely  scattered  colonies  of  3  to  10  cells  in  SIGC 
(which  did  not  appear  to  increase  in  size  during  4  weeks 
of  culture)  compared  to  SV-SIGC  which  formed  rela¬ 
tively  small  dense  colonies  consisting  of  up  to  60  cells 
and  T-SV-SIGC  where  there  were  larger  stellate  colo¬ 
nies  consisting  of  up  to  several  hundred  cells  each 
(Fig.  1). 

Desmosomes  were  evaluated  by  immunochemical  and 
complementary  ultrastructural  techniques.  A  panel  of 
monoclonal  antibodies  consisted  of  antibodies  to  des- 
moplakin  I  and  II  (the  major  desmosomal  proteins),  to 
desmoglein  (an  adhesive  glycoprotein  of  desmosomes), 
to  cytokeratin  8  (a  desmosomal-associated  cytokera¬ 


tin),  as  well  as  to  a  broad-spectrum  cytokeratin  anti¬ 
body.  Antibodies  to  desmoplakin  1  and  II  (F'igs.  Ig  li) 
and  cytokeratin  8  (Figs  Ij-ll)  demonstrated  a  nearly 
continuous,  punctate  label  in  areas  of  cell-cell  associa¬ 
tion  in  SIGC.  Label  was  reduced  in  SV-SIGC  and  essen¬ 
tially  absent  in  T-SV-SIGC,  where  the  only  staining  ob¬ 
served  was  perinuclear  (Fig.  11).  Antibodies  to  desmog¬ 
lein  (see  results  of  calcium-switch  experiments  below) 
and  a  broad  spectrum  of  cytokeratins  (Figs.  Im-lo)  also 
exhibited  a  stepwise  loss  of  label  associated  with  se¬ 
quential  transformation. 

A  sequential  attenuation  of  the  desmosome-interme- 
diate  filament  complex  was  apparent  in  electron  micro¬ 
graphs,  which  also  suggested  that  both  perinuclear  and 
desmosomal-associated  filaments  were  absent  in  the 
nude  mouse  SV-SIGC  tumors  (Fig.  2).  The  desmosomes 
were  quantified  by  ultrastructural  morphometry  and 
expressed  per  1000  of  closely  apposed  membrane 
(within  50  gm)  in  the  sequence,  68.5  (SIGC),  44.5  (SV- 
SIGC),  23.1  (female  SV-^SIGC  tumors),  20.7  (male  SV- 
SIGC  tumors),  and  2.5  (T-SV-SIGC).  These  results 
suggested  that  about  a  third  of  the  desmosomes  were 
lost  from  SIGC  -♦  SV-SIGC  and  nearly  all  of  the  rest 
were  lost  from  SV-SIGC  -►  T-SV-SIGC.  A  complemen¬ 
tary  Western  blot  analysis  of  whole  cell  extracts  (Fig.  3), 
by  reflective  scanning  densitometry  of  triplicate  blots, 
suggested  that  relative  to  SIGC  the  quantity  of  desmo¬ 
somal-associated  cytokeratin  8  in  SV-SIGC  was  76% 
(SD  ±  7%,  P  <  0.001),  and  nearly  zero  in  T-SV-SIGC 
(where  it  was  0.03%  in  one  blot  and  below  the  detection 
limit  of  the  densitometer  in  the  other  two). 

Collectively,  the  results  illustrated  that  SIGC  -►  T- 
SV-SIGC  was  associated  with  both  a  change  from  move¬ 
ment  of  cells  as  an  epithelial  sheet  to  detachment  of 
individual  cells  that  assumed  a  fibroblastoid  morphol¬ 
ogy  during  migration  (compare  SIGC  (Fig.  la)  and  T- 
SV-SIGC  (Fig.  Ic))  and  the  loss  of  the  desmosome-cyto- 
keratin  intermediate  filament  complex  (compare  SIGC 
(Figs.  Ig,  Ij,  and  Im;  2a;  3,  top  blot,  lanes  1  and  2)  and 
T-SV-SIGC  (Figs,  li,  11,  and  lo;  2b;  3,  top  blot,  lanes  5 
and  6)). 

Manipulation  of  Extracellular  Calcium  Levels  in  SIGC 

Cultures  Reversibly  Induced  a  Phenotype  Reminiscent 

of  T-SV-SIGC 

Interactions  between  adhesiveness  and  cell  move¬ 
ment  in  SIGC  were  evaluated  using  a  calcium-switch 
system  whereby  desmosomes  are  reversibly  internalized 
following  a  switch  from  SM  to  LCM  [14].  Following  a 
switch  from  SM  to  LCM,  a  loss  of  staining  of  desmoso¬ 
mal-associated  components  in  SIGC  was  evident  at  the 
first  postswitch  (1  h)  time  point,  and  by  4  h  specific 
staining  was  essentially  absent  at  cell-cell  boundaries 
(Fig.  4).  Although  the  results  are  shown  for  desmoglein 
staining,  similar  results  were  seen  using  desmoplakin 


FIG.  1.  Alterations  in  cell  movement,  growth,  de.smosomes,  and  cytokeratins  in  the  transformation  sequence,  Sl(i('  (c{>lumn  1) 
SV-SKiC  (column  2)  -►  T-SV-SIGC'  (column  3).  Phase-contrast  microscopy  of  monolayers  moving  off  of  s|)herical  microcarrier  beads  onto  the 
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and  cytokeratin  8  antibodies  (refer  to  Figs.  4a,  Ig,  and  Ij 
for  a  comparison  of  desmoglein,  desmoplakin,  and  cyto¬ 
keratin  8  antibody  staining  patterns  in  SM).  After  6  h  in 
LCM,  reversibility  of  the  low  calcium  effects  was  veri¬ 
fied  by  switching  cultures  back  to  SM  where  defined 
staining  at  the  majority  of  cell-cell  boundaries  was 
clearly  evident  after  4  h  recovery  in  SM  (Fig.  4c). 

In  a  wounding  assay,  SIGC  in  SM  remained  linked 
together  as  they  migrated  into  the  wounds  which  was 
similar  to  that  seen  as  they  migrated  off  of  microcarrier 
beads  onto  the  surface  of  the  culture  dish  (compare 
Figs.  4d  and  la).  However,  in  cultures  switched  to  LCM 
prior  to  wounciing,  individual  and  small  groups  of  cells 
were  observed  within  the  wounds  (Fig.  4e),  and  a  fibro- 
blastoid  morphology  reminiscent  of  that  seen  in  T-SV- 
SIGC  cells  as  they  migrated  off  of  microcarrier  beads 
was  present  (compare  Figs.  4e  and  Ic).  Reversibility  of 
the  effects  of  LCM  on  migration  was  verified  by  a  se¬ 
quence  of  calcium  switching  and  wounding  (Fig.  4f).  A 
composite  result  showed  that  both  SIGC  (SM  -*•  LCM) 
and  SIGC  -♦  T-SV-SIGC  resulted  in  the  acquired  abil¬ 
ity  of  cells  to  detach  from  a  population  during  migration 
(compare  Figs,  la  and  4d  with  Figs.  Ic  and  4e)  and  an 
associated  loss  of  desmosomal  components  at  areas  of 
cell-cell  contact  (compare  Figs.  Ig  and  Ij;  4a  with  Figs, 
li  and  11;  4b). 

Different  Cellular  Conditions  Associated  with  Reduced 

Adhesiveness  Correlated  with  Similar  Levels  of  GJIC 

Effects  of  LCM  on  Preexisting  GJIC.  Relationships 
between  GJIC  and  calcium-dependent  adhesiveness 
were  evaluated  by  dye  coupling  using  gap  FRAP.  Gap 
FRAP  data  collected  1  min  after  the  first  postbleach 
scans  identified  a  gradual  reduction  in  dye  coupling  over 
the  first  12  h  after  switching  SIGC  from  SM  to  LCM, 
with  no  further  losses  observed  over  the  next  12  h  (Fig. 
5).  Among  cell  lines  in  the  lineage,  there  was  a  sequen¬ 
tial  reduction  of  dye  coupling  associated  with  sequential 
steps  in  the  transformation  process  during  standard 
conditions  (standard  conditions  refers  to  cells  in  SM 
and  interphase  and  are  assumed  unless  otherwise 
noted)  which  was  consistent  with  that  previously  de¬ 
scribed  [13]  (Fig  6).  Time-course  evaluations  revealed 
that  LCM  also  reduced  dye  transfer  in  SV-SIGC  but  not 
significantly  in  T-SV-SIGC  (Fig.  6).  LCM  results  in  Fig. 
6  and  henceforth,  unless  otherwise  noted,  refer  to  those 
obtained  after  12  h  in  LCM  since  additional  reductions 


were  not  observed  after  this  time  point.  Reversibility  ol 
the  effects  of  LCM  on  measured  dye  transfer  in  SV- 
SIGC  was  verified  12  h  after  switching  cultures  from 
LCM  back  to  SM. 

A  quantitative  analysis  of  gap  FRAP  data  in  the  SIGC 
lineage.  Previously  gap  FRAP  data  was  used  to  ana¬ 
lyze  GJIC  by  comparing  the  rate,  k,  at  which  different 
systems  approached  fluorescence  recovery  equilibrium 
after  photobleaching;  higher  k  values  were  assumed  to 
indicate  greater  GJIC  [18,  21,  22).  Ratios  of  k  are  suit¬ 
able  measures  of  diffusion  either  for  systems  which  re¬ 
cover  fluorescence  to  the  same  equilibrium  level,  a  (Ap¬ 
pendix,  Eq.  (All)  [18]),  or  for  which  there  is  insignifi¬ 
cant  loss  of  mobile  fluorophores  during  the  recovery 
phase  (see  Appendix  and  [23]).  In  this  study,  the  esti¬ 
mated  parameters  of  both  a  and  k  for  many  of  the  cell 
systems  differed.  For  example,  over  the  first  minute 
SIGC  recovered  over  three  times  the  amount  of  fluores¬ 
cence  recovered  by  T-SV-SIGC  (Fig.  6)  yet  the  esti¬ 
mated  k  values  for  these  systems  were  similar,  0.531  ± 
0.070  min“'  and  0.595  ±  6.221  min”’,  respectively  (Fig. 
7).  Thus  based  on  recovery  over  1  min,  the  GJIC  would 
be  quite  different  for  the  two  system,  but  based  on  esti¬ 
mates  of  k,  the  GJIC  would  be  similar. 

Equation  ( A8)  was  used  to  compare  the  diffusion  coef¬ 
ficients  of  the  various  cell  systems.  It  was  derived  from 
Eq.  (A4)  of  the  Appendix  which  is  an  interpretation  of 
Pick’s  first  law  of  diffusion.  Equation  (A8)  expresses  the 
ratio  of  the  diffusion  coefficients  in  terms  of  the  ratio  of 
the  instantaneous  rates  of  recovery  at  the  time  of  the 
first  postbleach  scan,  /'(0)//(0).  To  estimate  /'(0)//(0), 
the  recovery  data  was  fit  to  Eq.  (A3)  PR(f)  =  100xa(l  - 
c”**),  and  /'(0)//(0)  was  calculated  using  Eq.  (AlO), 
(f(0)/I(0)  =  a’k’I(—)/I(0)).  values  measuring  the  fit 
of  the  various  data  sets  to  the  theoretical  curves  were 
calculated  from  the  data  and  the  significance  levels  were 
obtained  from  tables  of  the  x*  distribution  with  two  de¬ 
grees  of  freedom  (the  significance  level  is  the  probability 
of  a  higher  error  assuming  that  the  model  is  correct). 
The  mean  level  of  significance  for  all  data  described  in 
this  report  was  90%  and  the  values  ranged  from  75- 
99%,  in(ficating  that  the  two-parameter  model  fit  the 
gap  FRAP  data  with  high  x^  levels  of  significance.  Error 
analysis  [18]  revealed  a  strong  negative  correlation 
(^90%)  between  the  parameters  a  and  k,  and  thus  the 
standard  deviation  (SD)  of  ak,  as  depicted  in  the  error 
bars  in  Fig.  8,  is  significantly  less  than  would  be  the  case 
if  a  and  k  were  independent  [24]. 


surfaces  of  the  culture  dishes  (photographed  after  60  h  in  culture),  SIGC  (a),  SV-SIGC  (b),  T-SV-SIGC  (c).  As  explained  under  Materials  and 
Methods,  microcarrier  beads  were  coated  with  monolayers  prior  to  their  inoculation  into  culture  dishes.  Dark  -field  microscopy  of  cell  lines  in 
soft  agar  14  days  after  seeding  single  suspensions  of  25,000  cells  in  each  60-mm“  culture  dish,  SIGC  (d),  SV-SIGC  (e),  T-SV-SIGC  (f). 
Identification  of  desmosomes  by  indirect  immunofluorescence  microscopy  using  monoclonal  antibodies  to  desmoplakins  (g-i)  and  cytokeratin 
8  (j-1),  both  antibodies  identified  bright  punctate  staining  at  cell-cell  boundaries  in  SIGC  (g,  j),  which  was  reduced  in  amount  but  not  in 
intensity  in  SV-SIGC  (h,  k)  and  was  essentially  absent  in  T-SV-SlGC  (i,  I).  A  broad-spectrum  cytokeratin  antibody  identified  both  intense 
fibrillar  cytoplasmic  and  perinuclear  staining  of  cytokeratins  in  SIGC  (m)  which  was  slightly  reduced  in  SV-SIGC  (n)  but  only  attenuated 
punctate  perinuclear  staining  in  T-SV-SIGC  (o).  Bars:  (a-c)  20  itm;  (d-f)  100  nm;  (g-o)  5  nm. 


'-’1  SI'KIN  Kr  Al. 


FIG.  2.  A  comparison  of  the  ultrastructural  features  of  the  desmosome-intermediate  filament  complex  in  the  transformation  sequence 
and  in  vivo.  Portions  of  closely  apposed  cells  are  shown  and  a  nucleus  is  seen  in  the  cell  to  the  right  of  each  cell  pair.  In  SIGC  (a)  continuity  was 
seen  between  desmosomal-associated  and  perinuclear  filaments  (cell  at  right)  which  extended  to  the  adjacent  cell  membrane  at  the  desmosome 
plaques  (cell  at  left).  In  SV-SIGC  (b)  both  desmosomal-associated  and  perinuclear  filaments  were  seen,  but  the  continuity  between  them  as 
well  as  the  apparent  transmembrane  continuity  observed  in  SIGC  appeared  disrupted.  In  the  SV-,SIGC  nude  mouse  tumor  (c)  and  in  T-SV- 
SIGC  (d)  perinuclear  filaments  were  not  observed  and  desmosome  plaques  appeared  in  the  absence  of  associated  filaments.  Bar,  100  nm. 


/'(0)//(0)  for  the  various  cell  systems  was  calculated  guished  from  an  uncoupled  or  “noise”  level  by  compari- 
as  described  above  (using  data  measured  every  1  min  for  son  with  SIGC  in  1.0  mM  1-octanol  for  which  there  was 
4  min).  As  can  be  seen  in  Fig.  8,  there  was  a  stepwise  no  significant  dye  transfer  (Figs.  8  and  9). 
reduction  of  /'(0)//(0)  (P  <  0.05)  as  SIGC  was  trans-  The  values  of/'(0)//(0)  were  grouped  into  four  catego- 
formed  (SIGC  -►  SV-SIGC  — ►  T-SV-SIGC).  Compared  ries  of  GJIC  and  denoted  as  (i)  high  (SIGC),  (ii)  inter- 
to  their  respective  rates  during  standard  conditions,  mediate  (SV-SIGC),  (iii)  reduced  (T-SV-SIGC,  all  LCM 
both  mitosis  and  LCM  were  associated  with  reduced  and  mitosis  data,  and  SIGC -I- 0.5  mM  octanol),  and  (iv) 
rates  in  SIGC  (P  <  0.05)  and  SV-SIGC  (P  <  0.05)  and  noise  (SIGC  -1-  1.0  mA/  octanol).  The  average  of  /'(O)/ 
slight,  but  not  significant,  reductions  in  T-SV-SIGC  (P  /(O)  for  these  categories  were  76.4,  37.3,  19.3,  and  4.2 
5^  0.05).  /'(0)//(0)  for  (i)  all  T-SV-SIGC  systems,  (ii)  all  min”‘,  respectively.  Since  ratios  of  D  are  equal  to  ratios 
LCM  systems,  and  (iii)  all  mitosis  systems  were  not  sig-  of  /'(0)//(0),  relative  diffusion  for  these  systems  were 
nificantly  different  (P  ^  0.05).  Thus  the  magnitude  of  compared.  Letting  D,  denote  the  diffusion  coefficient 
reduction  of  a  given  cell  type,  relative  to  their  respective  for  category  t,  the  parental  SIGC  cells  (Category  1 )  re¬ 
rates  during  standard  conditions,  varied  but  the  reduced  covered  at  2  times  the  rate  of  the  intermediate  level 
levels  themselves  did  not.  (Category  2)  (i.e.,  D^/D.^  =  2.0),  at  4  times  the  reduced 

Ratios  of  /'(0)//(0)  are  equal  to  ratios  of  the  diffusion  level  (Category  3)  (i.e.,  =  4.0),  and  at  20  limes  the 

coefficients  for  respective  systems  and  thus  reductions  noise  (1.0  mM  1-octanol)  level  (Category  4)  (i.e.,  Dj/D, 
in  /'(0)//(0)  correspond  to  reductions  in  the  diffusion  =  20). 

coefficient,  D.  As  ratios  of  D  are  used  to  compare  rela-  The  estimate  of  KO)  11(0)  was  reproducible  using  differ- 
live  GJIC,  a  reduction  in  I  (0)//(0)  corresponds  to  a  re-  ent  measurement  schemes.  /'(0)//(0)  was  estimated  us- 
duction  in  GJIC.  These  estimates  of /'(0)//(0)  show  that  ing  SIGC  data  collected  at  different  intervals  and  over 
GJIC  was  reduced  to  similar  levels  under  the  following  different  lengths  of  time.  A  comparison  of  the  measured 
conditions:  (i)  transformation  to  T-SV-SIGC,  (ii)  mito-  recovery  data  sets  is  illustrated  by  showing  a  curve 
sis,  and  (iii)  LCM.  Dose-response  data  indicated  that  which  was  fitted  to  the  (1,  4,  80)  set  and  by  plotting 
SIGC  cultures  in  0.5  mM  1-octanol  were  similarly  re-  measured  data  from  the  various  sampling  schemes  rcla- 
duced.  Octanol  is  a  known  gap  junctional  uncoupling  live  to  this  “theoretical”  recovery  curve  (Fig.  9).  For 
agent  [for  review  see  25).  This  reduced  level  was  distin-  example,  a  ( 1,  4,  80)  sampling  scheme  denotes  data  col- 
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FIG.  3.  Western  blot  analysis  of  relative  amounts  of  desmoso- 
mal-associated  cytokeratin  in  the  SIGC  lineage.  Equal  protein 
amounts  of  cytoskeletal  (top  blot,  lanes  1,  3,  and  5)  or  whole  cell  (top 
blot,  lanes  2,  4,  and  6  and  all  bottom  blot  lanes)  extracts  were  sepa¬ 
rated  by  10%  SDS-PAGE,  transferred  to  nitrocellulose,  and  probed 
with  antibodies  to  cytokeratin  (top  blot)  or  tubulin  (bottom  blot). 
Bands  were  visualized  with  a  goat  anti-mouse  gold  conjugate  followed 
by  silver  enhancement  and  quantified  by  reflective  scanning  densi¬ 
tometry.  Top  blot:  SIGC  (lanes  1  and  2),  SV-SIGC  (lanes  3  and  4), 
T-SV-SIGC  (lanes  5  and  6).  Bottom  blot:  SIGC,  SV-SIGC,  and  T-SV- 
SlGC  (lanes  1-3,  respectively).  M,  standards  are  at  50  and  75  kDa. 
Cytokeratin  8  (M,  52,500)  was  abundant  in  SIGC  and  SV-SIGC  ex¬ 
tracts.  Lanes  were  overloaded  with  protein  to  illustrate  the  relatively 
low  level  of  cytokeratin  8  i.i  T-SV-SIGC  which  is  only  faintly  visible. 
The  amount  of  cytokeratin  (using  tubulin  as  an  internal  control)  in 
SV-SIGC  and  T-SV-SIGC  extracts  was  75  and  0.03%  of  that  in  SIGC 
extracts,  respectively,  in  this  blot  (top  blot,  lanes  4,  6,  and  2). 

lected  at  1-min  intervals  over  a  period  of  4  min  from  80 
recovering  cells.  Values  are  stated  ±  estimated  standard 
deviations  of  the  value.  /'(0)//(0)  =  76.4  ±  5.7  min”*; 
/'(0)//(0)  was  76.3  ±  9.7,  76.2  ±  10.3%  min”*,  and  76.5  ± 
10.00%  min”*  for  a  (1, 4, 80)  and  three  replicate  (1,4, 25) 
data  sets,  (1),  (2),  and  (3),  respectively.  The  estimates  of 
/'(0)//(0)  were  calculated  from  estimates  of  the  parame¬ 
ters  (a,  k)  which  were  (41.3  ±  2.7%,  0.53  ±  0.07  min”*), 
(44.9  ±  5.5%,  0.49  ±  0.12  min”*),  (40.1  ±  4.34%,  0.54  ± 
0.13  min”*),  and  (38.8%  ±  4.2%,  0.57  ±  0.13  min”*)  re¬ 
spectively.  The  significance  levels  of  the  x*  f®st  were  82, 
95,  90,  and  90%,  respectively.  The  minimum  practical 
measurement  interval  for  collecting  fluorescence  recov¬ 
ery  data  was  0.4  min  and  for  (0.4, 9.6, 6),  /'(0)//(0)  =  81.9 
±  6.9%  min”*,  (a,k)  =  (41.3  ±  1.6%,  0.53  ±  0.7  min”*), 
and  the  significance  level  of  the  was  greater 

than  99%. 

Recovery  for  the  short-term  data  sets  was  compared 
with  long-term  recovery  using  (5,  30,  4)  sampling  (sparse 
measurement  intervals  minimize  fluorescence  fading 
for  data  collected  over  extended  time  periods).  Figure  9 
shows  that  fluorescence  reaches  a  peak  and  then  decays 
although  the  model  PR(f)  =  100  X  a(l  —  e”*')  predicts  a 
stable  equilibrium.  The  analysis  herein  used  the  model 
(Eq.  (A3))  to  calculate  /'(0)//(0)  from  Eq.  (AlO).  To  es¬ 
timate  the  derivative  at  the  time  of  the  first  postbleach 
scan  (/'(O))  a  good  fit  in  the  early  recovery  period  be¬ 
tween  the  measured  and  modeled  data  is  required. 
Sparse  sampling,  e.g.,  (5,  30),  may  not  provide  an  ade¬ 
quate  fit. 


An  analysis  of  the  rat  ovarian  cell  lineage  SIGC,  dur¬ 
ing  tumor  progression  and  manipulation  of  calcium-de- 
pendent  adhesiveness,  suggested  that  changes  in  des- 
mosomes,  adhesiveness,  and  GJIC  occurred  as  coordi¬ 
nated  processes.  Increased  growth  in  soft  agar  and  a  cell 
scattering  assay  provided  evidence  of  sequential  pro¬ 
gression  toward  in  vitro  metastasis.  In  the  cell  scatter¬ 
ing  assay,  the  progression  of  SIGC,  which  moved  off  of 
microcarrier  beads  as  epithelial  sheets,  to  T-SV-SIGC, 
which  migrated  away  from  microcarrier  beads  as  individ¬ 
ual  fibroblastoid  cells,  was  reminiscent  of  epithelial- 
mesenchyme  transitions  (EMT)  [26].  EMT  occurs  dur¬ 
ing  embryogenesis  when  epithelial  cells  dissociate  and 
migrate  as  individual  cells  and  is  associated  with  a  re¬ 
duction  or  loss  of  epithelial  characteristics  including  cy- 
tokeratins,  desmosomes,  and  GJIC  like  that  seen  in  the 
SIGC  lineage.  An  induction  of  an  EMT-like  conversion 
in  SIGC  following  a  switch  from  SM  to  LCM  was  con¬ 
sistent  with  previous  studies  showing  that  when  cul¬ 
tured  in  LCM,  rat  bladder  cell  lines  of  low  tumorigenic 
potential  [6]  and  normal  keratinocytes  [27]  resembled 
their  transformed  counterparts.  Epithelial  to  fibroblast¬ 
oid  conversions  between  cell  lines,  from  a  variety  of 
transformation  systems,  have  led  to  a  hypothesis  that 
there  may  be  common  cellular  mechanisms  which  par¬ 
ticipate  in  changes  characteristic  of  both  morphoge¬ 
netic  EMT  and  malignant  EMT-like  conversions  [6, 
16,  29]. 

The  “desmosome”  junctions  in  the  nude  mouse  SV- 
SIGC  tumors  and  in  T-SV-SIGC  appeared  similar  to 
the  primitive  desmosome  and  desmosome-like  residual 
junctions  previously  reported  in  human  ovarian  tumors 
[28].  They  were  devoid  of  desmosomal-associated  com¬ 
ponents  such  as  cytokeratins  and  in  contrast  to  the  des- 
mosome-Iiitc  rmediate  filament  complexes  observed  in 
corresponding  normal  ovarian  tissue  and  in  SIGC.  Sepa¬ 
ration  of  cells  from  a  primary  ovarian  tumor  in  vivo  may 
itself  be  a  critical  step  in  ovarian  carcinogenesis  since 
detached  ovarian  cells  are  potentially  free  to  implant  on 
any  peritoneal  surface  without  having  to  translocate 
across  any  additional  biologic  barriers  f.30,  .31].  How¬ 
ever,  the  mechanism  of  separation  is  elusive,  in  part, 
because  over  75%  of  ovarian  neoplasms  first  present  at 
an  advanced  stage  with  cancer  cells  already  scattered 
throughout  the  abdominal  cavity  [30,  31].  Further  stud¬ 
ies  may  reveal  if  EMT-like  transitions  from  SIGC 
T-SV-SIGC  or  following  a  switch  from  SM  to  LCM  con¬ 
stitute  in  vitro  reflections  of  mechanisms  by  which  ovar¬ 
ian  cells  escape  from  primary  tumors. 

A  reduction  of  both  desmosomes  and  GJIC  in  the  lin¬ 
eage  was  consistent  with  previous  observations  of  a 
stepwise  reduction  of  desmosomes  and  gap  junctions  in 
sequential  transformation  stages,  normal  -*■  nonmalig- 
nant  pathological  — ►  preinvasive  —*■  invasive,  of  human 
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FIG.  5.  One-minute  fluorescence  recovery  amounts  after  pho- 
tobleaching  in  SIGC  as  a  function  of  time  in  a  calcium-switch  sy.stem. 
One-minute  recovery  amounts  were  measured  in  cells  cultured  in  SM, 
over  a  24-h  period  after  switching  from  SM  to  LCM,  and  following  a 
12-h  recovery  after  switching  from  LCM  back  to  SM.  The  vertical 
axis  is  PR(1)  which  is  100  x  (/(r)  —  /(0))//(-)  where  t  is  minutes  after 
the  first  postbleach  scan,  /(t)  is  the  intensity  at  time  t,  7(6)  is  the 
intensity  at  the  time  of  the  first  postbleach  scan,  and  l(-)  is  the  preb¬ 
leach  intensity.  Error  bars  represent  the  SEM  of  the  mean  percentage 
recovery. 


ily  of  calcium-dependent  cell-cell  adhesion  molecules) 
[for  review  see  32],  functional  adhesiveness,  and  GJIC 
[33, 34]  by  identifying  similar  interactions  between  des- 
mosomes,  adhesiveness,  and  GJIC. 

GJIC  was  categorized  according  to  ratios  of  the  pro¬ 
portionality  constants,  D,  in  Pick’s  first  law  of  diffusion 
as  estimated  using  Eq.  (A8).  Both  transformation  to  T- 
SV-SIGC  and  a  switch  to  LCM  apparently  reduced  the 
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FIG.  7.  A  comparison  of  measured  and  theoretical  fluorescence 
recovery  in  SIGC  and  T-SV-SIGC.  The  measured  data  were  obtained 
by  sampling  data  every  1  min  for  4  min,  denoted  as  a  (1,  4)  sampling 
scheme.  The  parameters  were  estimated  by  fitting  the  data  to  Eq. 
(A3).  The  estimated  values  and  standard  deviations  of  a  were  41.3  ± 
2.8%  and  12.4  ±  1.7%  and  for  k  were  0.531  ±  0.070  min’’  and  0.595  ± 
0.221  min  ‘  for  SIGC  and  T-SV-SIGC,  respectively.  For  each  data 
set,  Eq.  (A3)  is  plotted,  x*  significance  levels  were  83  and  95%  for 
SIGC  and  T-SV-SIGC,  respectively.  Using  the  estimated  values  of 
the  parameters,  the  instantaneous  rates  of  recovery  at  the  time  of  the 
first  postbleach  scan.  /'(0)//(0),  were  calculated  using  Eq.  (AlO)  with 
=  0.0348.  /(-)//(0)  is  the  reciprocal  of  the  fraction  of  initial 
laser  bleaching  which  averaged  28.7%  of  the  prebleach  level  as  de¬ 
scribed  under  Materials  and  Methods.  Values  of /'(0)//(0)  X  100%  ± 
min"'  standard  deviations  were  76.4  ±  5.7%  min"'  and  25.9  ±  5.5% 
min  ’  for  SIGC  and  T-SV-SIGC,  respectively. 
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FIG.  6.  A  comparison  of  the  1-min  fluorescence  recovery 
amounts  in  the  SIGC  lineage  in  SM  and  LCM.  One-minute  recovery 
amounU  were  measured  for  SIGC,  SV-SIGC,  and  T-SV-SIGC  in  SM 
and  12  h  after  switching  from  SM  to  LCM.  The  vertical  axis  is  PR(1) 
as  defined  in  the  legend  to  Fig.  5.  Error  bars  represent  the  SEM  of  the 
mean  percentage  recovery. 


diffusion  coefficient  D  of  SIGC  to  similar  levels.  Specifi¬ 
cally,  the  magnitude  of  reduction  in  SIGC  following 
a  switch  to  LCM  was  similar  to  that  seen  following 
SIGC  -*-*■  T-SV-SIGC  or  from  Category  1  to  3.  Conse¬ 
quently,  since  the  rate  during  standard  conditions  .n 
SV-SIGC  (Category  2)  was  less  than  that  of  SIGC  (Cate¬ 
gory  3),  the  absolute  magnitude  of  its  reduction  in  LCM, 
from  Category  2  to  3,  was  also  less.  Since  the  rate  of 
GJIC  in  T-SV-SIGC  (Category  3)  did  not  change  catego¬ 
ries  in  LCM,  these  results  suggested  that  T-SV-SIGC 
probably  did  not  have  significant  calcium-dependent 
cell-cell  adhesion.  Additionally,  a  comparison  of  the  re¬ 
duced  (Category  3)  LCM  and  T-SV-SIGC  rates  to  the 
rates  established  during  mitosis  is  of  potential  biological 
significance  since  mitosis  is  considered  to  be  the  lowest 
point  of  adhesiveness  between  cells  in  the  cell  cycle  [35] 
and  all  mitotic  cell  systems  fell  into  Category  3  rates. 
Since  Category  3  diffusion  rates  were  significantly 
higher  than  a  noise  rate  (Category  4)  defined  by  the 
presence  of  1.0  mM  1-octanol  in  SIGC  cultures.  Cate¬ 
gory  3  rates  likely  represented  a'  ,ual  metabolic  cou- 
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FIG.  8.  Comparison  between  all  cell  systems  of  the  estimated  instantaneous  rates  of  recovery  at  the  time  of  the  first  postbleach  scan, 
/'(0)//(0),  from  (1,  4)  sampling.  Unless  otherwise  noted,  all  cells  were  cultured  in  SM  and  scanned  during  interphase.  The  notation  SM  refers 
to  cell  systems  in  standard  conditions,  i.e.,  SM  in  interphase.  LCM,  mitosis,  and  octanol  systems  were  scanned  12  h  after  switching  from  SM  to 
LCM,  during  the  metaphase  plate  stage  and  immediately  after  the  addition  of  octanol,  respectively.  Error  bars  represent  the  standard 
deviation  (SD)  of  the  estimate,  /'(0)/(/(0).  The  vertical  axis  is  100  X  /'(0)//(0)  where  7(0)  is  the  intensity  of  fluorescence  at  the  f  =  0  and  /'  is  the 
derivative  of  7. 


plifig.  Further,  these  results  suggested  that  the  levels  of 
diffusion  characteristic  of  Category  3  were  not  necessar¬ 
ily  contingent  on  calcium-dependent  adhesion.  Future 
studies  may  reveal  if  GJIC  during  various  cellular  states 
in  other  cell  systems  also  fall  into  similar  distinct  catego¬ 
ries  of  diffusion. 

The  estimates  of  GJIC  were  obtained  using  the  tech¬ 
nique  developed  in  the  Appendix.  The  technique  is  dis¬ 
cussed  here  within  the  context  of  previous  techniques 
used  to  analyze  gap  FRAP  and  FRAP  data;  There  are 
two  common  techniques  for  analyzing  gap  FRAP  data, 
i.e.,  (i)  calculating  the  average  rate  of  fluorescence  recov¬ 
ery  over  a  specific  time  interval  [e.g.,  13,  19,  22,  36-38) 
and  (ii)  using  Pick’s  first  law  of  diffusion  to  model  fluo¬ 
rescence  recovery  [18,  21,  22).  Initially  Pick’s  law  was 
applied  assuming  that  the  bleached  cell  would  recover  to 
its  prebleach  level  [21].  The  rate  of  recovery  was  ob¬ 
tained  by  fitting  the  data  to  a  one  parameter  equation 
and  the  diffusion  coefficient  was  calculated  from  this 
rate  constant.  However,  collectively  results  from  gap 
FRAP  studies  suggest  that  there  may  not  be  100%  recov¬ 
ery  (to  the  prebleach  level)  [e.g.,  13, 18, 19, 21, 22, 36-38] 
and  the  results  presented  in  this  study  indicated  that 
different  cell  systems  may  recover  to  different  fluores¬ 
cence  levels. 

Peters  [23]  modeled  FRAP  data  using  a  form  of  Pick’s 
law  that  allows  for  partial  recovery.  In  this  model,  it  was 
assumed  that  there  is  a  certain  fraction  of  immobile 
fluorophores  which  remains  essentially  constant  over 


the  recovery  interval  and  the  recovery  curve  is  modeled 
using  a  two-parameter  equation.  The  rate  parameter  is 
related  to  the  diffusion  coefficient  and  the  other  parame¬ 
ter  can  be  solved  for  the  fraction  of  immobile  fluoro¬ 
phores.  This  approach  has  also  been  used  to  study  gap 
FRAP  [18].  This  approach  was  initially  used  to  analyze 
the  gap  FRAP  data  presented  here  but  different  recov¬ 
ery  equilibria  led  to  inconsistent  results.  For  example. 
Fig.  7  showed  that  the  estimated  rate  constants  for  T- 
SV-SIGC  and  SIGC  were  similar,  yet  Fig.  6  shows  that 
SIGC  recovered  much  more  rapidly.  This  could  indicate 
that  diffusion  coefficients  were  similar  in  the  two  sys¬ 
tems  and  that  the  concentration  of  immobile  fluoro¬ 
phores  is  much  higher  in  the  T-SV-SIGC  cells  than  in 
the  SIGC  cells. 

However,  ultrastructural  results  suggested  that  the 
amount  of  gap  junctional  membrane  in  T-SV-SIGC  is 
considerably  reduced  compared  to  that  in  SIGC  (Stein 
and  Burghardt,  unpublished  observations)  and  another 
interpretation  of  the  estimated  parameters  is  suggested 
by  the  work  of  Zimmerman  and  Rose  [39] .  In  their  analy¬ 
sis  of  dye  coupling  using  dye  injection,  they  use  a  model 
that  accounts  for  immobilization  and  loss  of  the  fluoro¬ 
phores  over  the  recovery  period.  Allowing  for  these  pos¬ 
sibilities  in  our  analysis  of  gap  FRAP  led  to  Eq.  (A8) 
which,  under  certain  conditions,  equates  ratios  of  the 
diffusion  coefficients  in  Pick’s  first  law  to  ratios  of  the 
instantaneous  rate  of  recovery  at  the  time  of  the  first 
postbleach  scan.  The  model  recovery  Eq.  (A3)  is  a  com- 
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FIG,  9.  A  comparison  of  the  measured  percent  recovery  data  in  SIGC  using  alternate  measuring  schemes  to  a  curve  fitted  to  (1, 4, 80)  data 
and  to  the  effects  of  1-octanol.  As  explained  in  the  text  (1, 4, 80)  refers  to  measured  fluorescence  recovery  data  which  was  obtained  at  1-min 
intervals  over  4  min  from  80  bleached  cells.  The  theoretical  curve  was  obtained  by  fitting  the  (1,4, 80)  data  to  the  model  percentage  recovery 
curve  (Eq.  (A3))  and  then  plotting  fitted  (theoretical)  data  out  to  30  min.  The  level  of  significance  of  the  x*  goodness-of-fit  test  measured  (1,4, 
80)  data  to  this  model  curve  was  82%.  Measured  data  from  three  replicates  of  a  (1,  4,  25)  sampling  scheme,  a  (0.4,  9.6,  6)  and  a  (5,  30,  4) 
sampling  scheme  are  shown  relative  to  this  curve.  The  x*  test  was  used  to  evaluate  the  fit  between  the  (1,4,  80)  theoretical  curve  and  the  (0.4, 
9.6, 6)  data,  and  the  significance  level  was  greater  than  99%.  Significance  levels  were  also  calculated  to  evaluate  the  fit  between  the  each  of  the 
(1,4,  25)  and  (0.4,  9.6,  6)  measured  data  sets  and  their  respective  theoretical  recovery  curves,  and  these  values  are  reported  in  the  text.  The 
effects  of  1-octanol  in  cultures  are  shown  by  plotting  measured  recovery  curves.  The  vertical  axis  is  PR(()  as  defined  in  the  legend  to  Fig.  5. 
Error  bars  represent  the  SEM  of  the  mean  percentage  recovery  of  measured  data. 


putational  device  to  calculate  the  instantaneous  rate 
(Eq.  (AlO)).  This  method  of  calculating  the  derivative  is 
validated  by  the  close  fit  of  the  recovery  data  from  the 
first  4  min  to  this  model  equation  (Fig.  9).  If  the  esti¬ 
mated  recovery  level  for  two  systems  is  similar,  then  the 
ratio  of  the  diffusion  constants  for  these  systems  re¬ 
duces  to  the  ratio  of  the  rate  constants  (Eq.  (A12)) 
which  has  been  used  as  a  measure  of  relative  diffu¬ 
sion  (23). 

In  conclusion,  the  results  support  the  utility  of  the 
SIGC  lineage  in  defining  in  vitro  basic  relationships  be¬ 
tween  different  cell-cell  contacts  and  suggest  that  rela¬ 
tive  values  of  the  diffusion  coefficient  may  be  useful  in 
categorizing  the  effects  of  meny  different  processes  on 
the  gap  junctions.  An  analysis  of  the  possible  differen¬ 
tial  effects  of  cellular  factors  (such  as  transformation 
and  variations  during  the  cell  cycle)  and  of  treatments 
(such  as  octanol)  on  the  mobility  of  the  fluorophores 


through  the  cytoplasm  would  be  useful  in  verifying  the 
theoretical  foundations  of  gap  FRAP,  i.e.,  that  gap  junc¬ 
tion  permeation  is  the  rate-limiting  step  in  intercellular 
diff’usion  of  dye,  and  further  defining  potential  pro¬ 
cesses,  in  addition  to  gap  junctions  themselves,  which 
may  influence  the  rate  of  observed  GJIC. 


APPENDIX 

Instantaneous  Rate  of  Recovery  of  Fluorescence  after 
Photobleaching  (gap  FRAP) 

GJIC  between  cells  was  monitored  by  dye  coupling 
with  a  Meridian  ACAS  570  workstation  (Meridian  In¬ 
struments,  Okemos,  MI)  using  a  fluorescence  recovery 
after  photobleaching  (gap  FRAP)  technique,  which  is  an 
extension  of  FRAP  to  gap  junctions  [17].  The  ACAS 
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workstation  software  provided  the  percentage  recovery 
at  time  t 


PR(£)  =  100  X 


/(£)  -  1(0) 

/(-) 


(Al) 


Peters  has  analyzed  the  case  in  which  is  as¬ 

sumed  to  be  constant  (23].  This  is  equivalent  to  assum¬ 
ing  a  constant  concentration  of  immobile  fluorophores, 
CutfO),  over  the  time  interval  the  recovery  is  observed. 
Under  this  assumption  C^(oo)  =  +  C«f(0).  Thus 


where  /(£)  is  the  intensity  at  time  t,  /(-)  is  the  prebleach 
intensity,  and  £  =  0  is  the  time  of  the  first  postbleach 
scan. 

The  recovery  of  fluorescence  intensity  in  the  bleached 
cell  has  been  modeled  by 


-t-  Cj}f(0)  C^f(0) 

=  C^(oo)  “  Cfjit), 
and  Eq.  (A4)  reduces  to 

/'(£)  =  D(C„(oo)  -  C^(£)).  (A5) 


IE  -  /(£) 
IE  -  7(0) 


(A2) 


where  IE  is  the  equilibrium  intensity  after  recovery. 
Schindler  e£  al.  equate  IE  with  the  prebleach  intensity 
[21].  Previous  FRAP  [23]  and  gap  FRAP  [13, 18, 19.  21, 
22,  36-38]  studies  suggest  that  the  equilibrium  after 
photobleaching  is  below  the  prebleach  level,  and  there¬ 
fore,  the  recovery  was  modeled  as 

PR(£)  =  100  X  a(l  -  e-*‘),  (A3) 

where  a  =  (IE  -  /(0))//(-)  [18,  23].  The  constants  a  and 
k  were  estimated  using  a  least  squares  fit  of  the  data  to 
Eq.  (A3),  the  variance  and  covariance  of  a  and  k  were 
estimated,  and  the  goodness  of  fit  test  was  used  to 
compare  thfe  model  with  the  data  [18]. 

These  approaches  to  modeling  the  recovery  data  fol¬ 
low  from  Fick’s  first  law  of  diTusion 


F  = 


where  F  is  the  rate  of  transfer  per  unit  area  of  section,  C 
is  the  concentration  of  the  diffusing  substance,  x  is  the 
space  coordinate  measured  normal  to  the  section,  and  D 
is  the  diffusion  coefficient  [reviewed  in  40].  For  the  sys¬ 
tem  under  study,  a  recovering  cell  attached  to  supply 
cells  through  gap  junctions,  Fick’s  first  law  was  inter¬ 
preted  as 


/'(£)  =  D(C^^(t)  -  C«„.(£)),  (A4) 


Equation  (A2),  equivalently  Eq.  (A3),  is  the  solution  to 
Eq.  (A5),  and  a  and  k  may  be  found  by  either  Peters’ 
technique  [23]  or  a  nonlinear  least  squares  fitting  pro¬ 
cedure  [18].  In  this  case  the  diffusion  coefficient  is  recov¬ 
ered  from  k,  because  k  =  rD/v  where  v  is  the  volume  of 
the  cell  and  r  is  the  proportionality  constant  relating 
intensity  and  the  quantity  of  fluorophores.  However, 
Zimmerman  and  Rose  showed,  using  a  dye  injection 
method  to  study  coupling  between  gap  ju  ictions,  that 
there  may  be  a  loss  of  mobile  fluorophores  during  the 
recovery  phase  [39]. 

In  this  study  a  model  was  developed  to  account  for  the 
loss  of  mobile  fluorophores  during  the  recovery  phase  of 
gap  FRAP.  Let  Q„(£)  =  v  •  and  Qf(£)  =  V’Cn,  (£)  be 

the  quantity  of  mobile  and  immobile  fluorophores,  re¬ 
spectively,  in  the  bleached  cell.  Then  the  intensity  of  the 
bleached  cell  is  /(£)  =  (l/r)Q(£)  =  ((l/r)Q,,(t)  +  Qf(£)), 
and  Eq.  (A4)  may  be  written  as 

/'(£)  =  ^  (7  -  IW  +  7  Qf(£)  j  , 

and  therefore, 

/'(O)  =  ^  (7  (C^m(O)  +  C«r(0))  -  /(0)J  . 

Since,  just  after  bleaching,  the  concentration  of  mobile 
fluorophores  on  the  supply  side  is  equal  to  the  concen¬ 
tration  of  mobile  fluorophores  on  the  bleached  side  be¬ 
fore  bleaching,  (letting  C^(-)  be  the  concentration  of 
fluorophores  on  the  bleached  side  before  it  is  bleached) 
C^J-)  =  C^JO)-  Thus. 


where  /(£)  is  the  intensity  of  the  recovering  cell  and 
C„„(£)  and  are  the  concentrations  of  mobile 

fluorophores  in  the  recovering  cell  and  the  supply  cells, 
respectively.  Diffusibility  was  compared  by  comparing 
estimates  of  D.  A  term  accounting  for  the  loss  of  fluores¬ 
cence  by  means  other  than  the  gap  ju  actions,  e.g.,  fading 
of  the  fluorophores  and  diffusion  through  non-gap- 
junctional  membrane,  could  have  been  added  to  Eq. 
(A4).  However,  positive  controls  indicated  that  fading 
was  minimal  over  the  4-min  measurement  interval  [13], 
and  therefore  such  a  term  was  not  included. 


/'(O) 

=  ^  (7  (C^(-)  +  C^f(-)  +  C„f(0)  -  C„,(-))  -  7(0)  J 

rD  rD 

=  —  (7(-)  -  7(0)) - (7f(-)  -  7f(0)). 

V  V 

Thus,  letting  7f(£)  denote  the  intensity  of  the  bleached 
cell  due  to  the  fixed  fluorophores  and  using  the  relation 
7,(0)  =  7f(-)(7(0)/7(-)), 
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7'(0) 

rD 

[7(-)  -  7(0)  7f(-)  [ 

7(-)  -  7(0)11 

7(0) 

V 

[  7(0) 

/(-)  [ 

RO)  J. 

rD 

/f(-)l 

r7(-)  -  7(0) 

V 

7(-). 

7(0) 

(A6) 


If  the  ratio  of  immobile  fluorophores  to  mobile  fluoro- 
phores  is  suflSciently  small,  then 


/'(O)  ^  rD  [•/(-)  -  l(0y 
/(O)  V  7(0) 


(A7) 


and  the  diffusion  coeflScient  is  obtained  from  the  instan¬ 
taneous  rate  of  recovery  at  the  time  of  the  first  postb¬ 
leach  scan  and  the  fraction  of  bleaching.  Therefore,  if 
two  cells  are  bleached  by  the  same  proportion,  then 
identifying  the  systems  with  subscripts  1  and  2,  letting 
Z),  be  the  proportionality  constant  of  Eq.  (A3),  and  as¬ 
suming  equal  volumes 


I\(0)/I,{0)  D, 

/i(0)//j(0)  “  ■ 


constants,  for  different  cell  systems,  can  be  calculated 
as  ratios  of  a  times  k.  Evaluating  Eq.  (A9)  at  t  =  0  yields 


/'(O)  ^  /(-) 

-  =  a  •  K  • - . 

7(0)  7(0) 


(AlO) 


Then,  using  subscripts  to  distinguish  the  parameters  for 
two  different  systems  which  have  been  bleached  by 
equal  percentages,  a  combination  of  Eqs.  (A8)  and 
(AlO)  (assuming  cells  of  equal  volumes)  yields 


D,  Oiki 

7^2  ^2^2 


(All) 


Equation  (All)  provides  a  means  of  analyzing  diffu¬ 
sion  through  gap  junctions  in  cell  systems  which  do  not 
recover  to  the  same  percentage  of  the  prebleach  level 
and  for  which  there  is  continued  immobilization  of  the 
fluorophores  during  the  recovery  period.  When  the  cell 
systems  are  initially  bleached  to  the  same  level  and  re¬ 
cover  to  the  same  level  Oj  =  aj,  and  Eq.  (All)  reduces  to 


£>2  fh 


(A12) 


If  this  assumption  is  not  valid  and  if  the  fraction  of 
immobile  fluorophores  at  the  time  of  the  first  post¬ 
bleach  scan  is  known,  then  Eq.  (A6)  can  be  used  to  ob¬ 
tain  the  diffusion  coefficient. 

Once  the  parameters  a  and  k  of  Eq.  (A3)  have  been 
estimated,  the  model  recovery  curve  can  be  used  to  esti¬ 
mate  the  instantaneous  rate  of  recovery 

m _ _ ^ _  (A9) 

m  a(l  -  e-**)  -F  7(0)/7(-)  ' 


Relative  diffusion  through  gap  junctions  using  gap 
FRAP  data  has  previously  been  measured  by  comparing 
the  recovery  after  a  given  time  interval,  i.e.,  PR,(t)/ 
PR2(t),  where  t  is  often  taken  to  be  one  or  more  minutes 
following  the  first  postbleach  scan  [13,  19,  22,  36-38]. 
The  ratio  of  the  percent  recoveries  after  a  given  time 
interval  (an  average  rate  of  recovery)  is  an  approxima¬ 
tion  to  the  ratio  of  the  instantaneous  rates  of  recovery  at 
the  time  of  the  first  postbleach  scan  if  the  cell  systems 
are  bleached  by  equal  percentages.  Precisely, 


This  is  derived  as  follows.  From  Eq.  (Al), 


m  = 


PR(t)-7(-) 

100 


+  7(0) 


(a) 


li  /PRi(t)\  7;(0)/A(0) 

\PR2(t)/  7i(0)/72(0)  ■ 
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Equation  (A9)  is  the  quotient  (c)/(b). 

Provided  the  cell  systems  have  been  bleached  by 
equal  percentages,  and  the  concentration  of  immobile 
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